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Abstract: To assess the potential of intrinsically disordered proteins (IDPs) as drug design targets,

we have analyzed the ligand-binding cavities of two datasets of IDPs (containing 37 and 16 entries,
respectively) and compared their properties with those of conventional ordered (folded) proteins.

IDPs were predicted to possess more binding cavity than ordered proteins at similar length, sup-

porting the proposed advantage of IDPs economizing genome and protein resources. The cavity
number has a wide distribution within each conformation ensemble for IDPs. The geometries of

the cavities of IDPs differ from the cavities of ordered proteins, for example, the cavities of IDPs

have larger surface areas and volumes, and are more likely to be composed of a single segment.
The druggability of the cavities was examined, and the average druggable probability is estimated

to be 9% for IDPs, which is almost twice that for ordered proteins (5%). Some IDPs with druggable

cavities that are associated with diseases are listed. The optimism versus obstacles for drug
design for IDPs is also briefly discussed.

Keywords: drug target; ligandability; druggability; drug design; intrinsically disordered protein; pE-
DB; molecular recognition

Introduction

Although the study of intrinsically disordered pro-

teins (IDPs) has a short history,1–4 it was immedi-

ately recognized that such proteins are likely to be

important targets in drug design.5–7 IDPs are widely

involved in critical cellular processes, including sig-

nal transduction and regulation8 and are also associ-

ated with various human diseases.9–11 Examples

include the tumor suppressor p53, the breast

cancer-related protein BRCA-1/2, the transcription

factor c-Myc that is expressed constitutively in

many cancer cells, a-synuclein that is related to var-

ious neurodegenerative diseases, and the tau protein

in Alzheimer’s disease. Statistically, 79% of cancer-

associated proteins and 57% of the identified cardio-

vascular disease-associated proteins are predicted to

contain disordered regions that are longer than 30

residues in length.5,12 Consequently, IDPs are recog-

nized as potential drug targets and are expected to

play an active role in drug design.6,7,13–16 However,

compared with the well-developed drug design pipe-

lines that target ordered (folded) proteins,17 the

drug designs that target IDPs remain in their

infancy.18 The studied IDP-related systems in drug

design are limited and only a few small molecules

and short peptides have been achieved to inhibit the

function of IDPs.19–24

Therapeutic ligands usually accomplish their

mission by binding to small cavities (binding sites or

pockets) of target proteins. Before conducting drug
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design on a particular protein, it is important to

assess its possibility to be a good target, for example,

whether the protein has suitable geometrical shaped

cavities for ligand binding. This is known as the

“druggability” or “ligandability” assessment problem

in drug discovery.25 By testing a few datasets, Yuan

et al. found that developed detection methods are

not only able to detect the binding cavities on the

protein surface, but can also discriminate druggable

cavities from less druggable ones based on protein

structures with considerable accuracy.25 For IDPs,

although they do not have ordered structures in the

free state under physiological conditions, they may

undergo a disorder-to-order transition upon binding

to their biological partners via coupled folding and

binding.26 Analyses on the solved structures of IDPs

in complexes can give valuable molecular interaction

information of IDPs.27,28 For example, it was shown

that IDPs possess greater surface and interface

areas per residue than ordered proteins,28 and the

interface structure of IDPs is more dynamic than

that of ordered proteins.29 Considering the struc-

tural difference between IDPs and ordered proteins,

it would be intriguing to investigate whether IDPs

afford binding cavities and druggability different

from well folded ordered proteins.

In this article, we conducted a comparative

study on the binding cavities and druggability of

IDPs and ordered proteins. IDPs are predicted to

possess more binding cavities than ordered proteins

of a similar length, and their cavity geometries are

different. Most importantly, the druggability of the

cavities of IDPs may be comparable with those of

ordered proteins, which sheds optimistic light on the

drug design toward IDPs.

Results

Data for analysis

Three datasets were used in our analysis: Disprot-

pdb and pE-DB for IDPs, and CavityTEST for

ordered proteins. We constructed Disprot-pdb by

scanning the DisProt and PDB to select proteins with

at least 50% of solved amino acids in the PDB struc-

ture being shown disordered in DisProt. The Leuke-

mia fusion target AF9, against which inhibitors have

been designed, was also included in the Disprot-pdb.

pE-DB was adopted from Varadi et al., which pro-

vided structural ensembles of some IDPs.30 In com-

parison with those in Disprot-pdb, the structures in

pE-DB are less accurate, but the average conforma-

tion number for one protein is much larger in the lat-

ter and this greatly facilitates the analysis of

property distribution for a protein. We also included

the oncoprotein c-Myc into the pE-DB, whose binding

sites for ligands have been identified in experiment21

and the conformational ensemble has been character-

ized by large-scale molecular dynamics simulations.18T
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Disprot-pdb and pE-DB contained 37 and 16 entries,

respectively. CavityTEST is a dataset adopted from

Laurie et al.,31 containing 35 structurally distinct

ordered proteins that have been determined to bind

ligands. The datasets are listed in Tables I to III. It

is noted that the three datasets are markedly differ-

ent: CavityTEST contains stable protein structures;

nearly half the Disprot-PDB entries (18 out of 37)

describes IDPs bound to their partners (in a struc-

tural state which does not necessarily exist in solu-

tion), while pE-DB contains structural ensembles of

IDPs in solution which are not unique. It is remark-

able that the cavity properties of the three distinct

datasets come out to be comparable as described in

the follows.

The protein structures in the datasets were ana-

lyzed using the program CAVITY developed by Yuan

et al.25 to give information on their binding cavities,

for example, the cavity number, their geometries

and the druggability. A brief description on CAVITY

is provided in Materials and Methods.

Cavity number
The cavity numbers for all examined protein are

listed in Tables I to III. It is noted that these

numbers are averages for many distinct conforma-

tions when conformation ensembles are available in

Disprot-pdb and pE-DB. For the ordered protein

dataset CavityTEST, each protein has at least one

predicted cavity, being consistent with its collection

criterion that the proteins were experimentally

determined to bind ligands. For Disprot-pdb, only

five proteins were predicted to have no binding cav-

ity. Interestingly, the structures of all these five pro-

teins were solved via X-ray diffraction (XRD), and

four of them were in heterocomplexes.

At first glance, the average cavity number for

proteins in Disprot-pdb (3.65) is much smaller than

that in CavityTEST (8.37) or pE-DB (9.83), but this

is misleading because of the shorter chain length of

the protein sequences in Disprot-pdb. When we plot

the cavity number as a function of the chain length

(Fig. 1), it can be seen that the cavity number in

Disprot-pdb is close to that of pE-DB and is slightly

larger than that of CavityTEST under the same

chain length [Fig. 1(a)]. We define a new quantity,

the cavity number per 100 residues, to describe such

a trend. The scattering data are plotted in Figure

1(b), which fluctuates dramatically at short lengths

and converges at longer sequences. Numerically, the

Table II. Information of the Dataset pE-DB

pE-DB ID Name Method
Chain
length

Conf.
number

Surface
area

(103 Å2)
Cavity
number

Druggable
cavity

probability

1AAA Phosphorylated Sic1 SAXS & NMR 92 32 10.5 3.5 0.071
1AAB Heat shock protein beta-6

(HSPB6) fragment
(57–160) V67G mutant

SAXS 208 5 14.5 7.2 0

2AAA Unbound p27KID domain MD 69 130 7.06 4.03 0.011
2AAB Heat shock protein beta-6

(HSPB6) fragment
(24–160)

SAXS 274 8 19.8 9.38 0.093

3AAA CYNEX4 flexible multido-
main FRET probe

SAXS 825 17 37.9 24.18 0.027

3AAB Heat shock protein beta-6
(HSPB6) fragment
(40–160)

SAXS 484 4 30.6 18.5 0.20

4AAA CYNEX4 T266 mutant
flexible multidomain
FRET probe

SAXS 825 16 38.2 24.13 0.034

5AAA ParE2-associated antitoxin
(PaaA2)

SAXS & NMR 71 50 8.31 2.52 0.16

5AAC Phosphorylated Sic1 with
the Cdc4 subunit of an
SCF ubiquitin ligase

SAXS & NMR 666 44 38.7 19.91 0.081

6AAA p15PAF SAXS & NMR 110 4939 12.6 4.90 0.081
6AAC K18 domain of Tau protein NMR 130 995 11.5 3.22 0.0028
7AAA Heat shock protein beta-6

(HSPB6)
SAXS 320 6 25.7 10.17 0.30

7AAC N-TAIL Measles
nucleoprotein

NMR 132 995 11.4 3.27 0.014

8AAA Heat shock protein
beta-6 (HSPB6)
fragment (57–160)

SAXS 416 3 25.5 17.33 0.15

9AAA Sic1 SAXS & NMR 92 44 9.31 3.68 0
n.a. c-Myc MD 40 308 3.77 1.43 0.011
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average cavity number per 100 residues of Disprot-

pdb and pE-DB is 3.40 and 3.31, respectively, about

20% larger than the value for CavityTEST (2.80).

This observation is likely to be due to IDPs affording

greater surface area per residue than ordered pro-

teins (Fig. 2), as already suggested.27,28 Therefore,

IDPs are predicted to possess more binding cavities

than ordered proteins of a similar length. This

observation supports the concept that IDPs econo-

mize genomes and protein resources,32 that is, IDPs

are capable of using smaller protein size to afford

the same interface area as ordered proteins.

IDPs usually exist in an ensemble of rapidly

changing conformations and exhibit almost unlimited

structural heterogeneity.33–35 The cavity properties

will likely vary between the various conformations

the protein adopted. For each conformation (struc-

ture), a cavity number can be determined with CAV-

ITY. Therefore, a distribution of cavity number is got

for any given protein with multiple PDB structures.

In Figure 3, we have examined the distribution of

the cavity number for the conformation ensemble of a

few IDPs. The distribution is found to be wide in all

cases. In particular, for proteins from pE-DB, where

there are a significant number of conformations (up

to a few hundred or thousand) available in the data-

base, the distribution can be well described by a

Gaussian function [solid lines in Fig. 3(d–f)]. Such

heterogeneity may have essential effects on rational

drug design of IDPs. On the one hand, heterogeneity

of cavity number would be accompanied by heteroge-

neity of cavity shape, position on the chain, and

chemical properties, which could aid rational drug

design by increasing the number of distinct targets.

On the other hand, the heterogeneity of cavity sug-

gests that it is difficult to use a single ligand to bind

all various conformations of an IDP, which is distinct

from the case of ordered proteins. The binding should

be considered in terms of conformation selection or

induced fit. In addition, the heterogeneity of cavity

for an IDP may result in lower specificity, which also

hampers the rational drug design.

Cavity geometries

Owing to their high chain flexibility, IDPs have

extended structures that are significantly less flat

Table III. Information of the Dataset CavityTEST

PDB
ID

Chain
length

Surface
area

(103 Å2)
Cavity
number

1A4J 653 41.0 19
1A6U 228 10.1 3
1AHC 246 11.4 7
1BBS 660 29.1 16
1BRQ 174 9.43 7
1BYA 491 19.5 15
1CGE 162 8.45 5
1CHG 226 9.78 5
1DJB 257 11.5 10
1HSI 198 10.6 9
1IFB 131 7.07 1
1IME 544 21.5 16
1KRN 89 4.88 2
1L3F 316 12.2 5
1NNA 387 14.9 12
1PDY 433 16.7 8
1PHC 405 18.5 15
1PSN 326 13.7 3
1PTS 234 10.8 8
1QIF 532 20.8 14
1STN 136 7.88 4
1YPI 494 19.8 19
2CBA 258 11.8 9
2CTB 307 12.1 8
2PTN 223 9.34 5
2RTA 131 7.59 3
2SIL 381 14.6 11
2TGA 223 9.29 4
3APP 323 14.9 3
3LCK 288 14.6 12
3P2P 238 13.3 11
4CA2 255 11.5 10
5CPA 307 12.4 8
6INS 100 6.35 2
7RAT 124 6.91 4

Figure 1. (a) Cavity number and (b) cavity number per 100

residues as a function of the protein chain length (residue

number) for proteins in Disprot-pdb (blue squares), pE-DB

(green triangles) and CavityTEST (red circles).
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than those of ordered proteins.32 Thus, it is

expected that IDPs have larger cavities than

ordered proteins. This is validated in our analysis

of the cavity surface area and volume (Fig. 4 and

Table IV). The distributions of the surface area and

volume exhibit a peak at low values and a long (fat)

tail at high values [Fig. 4(a,b)]. In comparison with

the datasets for IDPs (Disprot-pdb and pE-DB), the

dataset for ordered proteins (CavityTEST) has a

higher peak at the low value. As a result, the aver-

age cavity surface area (volume) of Disprot-pdb is

13% (28%) larger than that of CavityTEST, and the

values for pE-DB are even larger (Table IV). We

also calculated the depth of the cavities, which

showed that the average cavity depth of IDPs in

the Disprot-pdb is similar to those found for pro-

teins in the CavityTEST dataset. In addition, the

average cavity surface area and volume for proteins

were found to obey the inherent scaling law of

S / V3=2 [Fig. 4(c)].

Figure 2. (a) Protein surface area (Å2) and (b) the ratio between surface area and chain length (i.e., the surface area per resi-

due, Å2) as a function of the protein chain length (residue number) for proteins in Disprot-pdb (blue squares), pE-DB (green tri-

angles), and CavityTEST (red circles).

Figure 3. Distribution of the cavity number for the conformation ensemble of a few representative proteins. Systems in (a–c)

belong to Disprot-pdb and those in (d–f) belong to pE-DB. Solid lines in (d–f) are fits to the scattering data with a Gaussian

function.
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Another property of the cavity is the segment

number, that is, how many continuous segments are

assembled to constitute the cavity. The cavities of

IDPs were found to be less fragmented, that is, they

are assembled from fewer segments than those of

ordered proteins (Fig. 5). On average, the segment

number for cavities in Disprot-pdb is 4.3, which is

23% smaller than that of CavityTEST (5.3). Ordered

proteins hardly ever use a single segment to consti-

tute a cavity, and the occurrence of two segments is

also much lower than that in IDPs. The origin for

such a difference arises from the free energy paid in

bringing distant segments into close proximity for

IDPs owing to their inherent chain flexibility. Simi-

lar differences were also observed in protein-protein

interaction interfaces for IDPs and ordered proteins

by Meszaros et al.28 The smaller segment number of

IDPs is helpful for the economization of protein

resources, that is, IDPs can use shorter sequence to

create interface or cavity of similar size as that for

ordered proteins.

Two examples of IDPs with less-fragmented cav-

ities are given in Figure 6. The illustrated conforma-

tion of the cyclin-dependent kinase inhibitor 2A

possesses one cavity with a volume of 543 Å3.

Vesicle-associated membrane protein 2 contains two

cavities, with a volume of 1715 and 1645 Å3. All

three cavities are constituted by a single continuous

segment, respectively.

The conservation of cavities is a critical issue in

a conformation ensemble with many distinct confor-

mations. The meaning of a cavity would be much

stronger if it was present in many conformations.

We measured the conservation of cavities in terms of

the proportion of common atoms (pcom) and the

RMSD values (see Materials and methods). The

average pcom for Disprot-pdb and pE-DB are 57%

and 52%, respectively. Such conservation is higher

than expected, especially for pE-DB which possesses

diverse conformations. On the other hand, the aver-

age cavity RMSD are 2.8 and 3.5 Å for Disprot-pdb

and pE-DB, respectively.

Cavity druggability
Based on the geometrical structure and physical

chemistry properties, CAVITY can give a predicted

average binding pKd of the binding cavity with prop-

erly designed ligands in general (see Materials and

Methods for details).25 If the predicted pKd is less

than 6.0, the cavity may not be a suitable drug design

target.25 The summary of the predicted pKd values

for three datasets are plotted in Figure 7. The fraction

of cavities to have a predicted pKd>6.0 is about 30%

for IDPs (both Disprot-pdb and pE-DB), whereas the

value for ordered proteins (CavityTEST) is only 20%.

On the other hand, the fraction with unfavorable

pKd< 5.0 for ordered proteins is as high as 40%,

greatly exceeding that for IDPs (24% for Disprot-pdbT
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and 30% for pE-DB). The entropy effect due to

coupled folding and binding was not considered in

the pKd prediction by CAVITY, which may decrease

the actual pKd of IDPs because the binding effect

of a small molecule would be partially compen-

sated by the conformational adjustment of IDPs.36

Nonetheless, the results here reflect an optimistic

possibility of designing small active ligands that

interact with IDPs.

Affinity is a necessary but not sufficient condi-

tion for druggability since protein druggablity is a

more complicated property that is affected by vari-

ous factors at a system biological level. An algorithm

has been developed in CAVITY to classify the drugg-

ability of cavities into three types (druggable,

amphibious and undruggable) with considerable pre-

diction accuracy.25 We determined the druggability

type of each cavity. The druggable cavity probability

for each protein of the Disprot-pdb and pE-DB data-

sets is listed in Tables I and II. The determined

druggable probability lies between 0 and 0.5, and

Figure 5. Distribution of the number of non-continuous

sequence segments of the cavity, given for Disprot-pdb (blue

squares), pE-DB (green triangles), and CavityTEST (red

circles).

Figure 4. (a) Distribution of the surface area (in a unit of Å2) of cavities. (b) Distribution of the volume (in a unit of Å3) of cavities.

(c) Correlation between the average cavity surface area and volume for proteins. Data are presented for Disprot-pdb (blue

squares), pE-DB (green triangles) and CavityTEST (red circles). Solid line in (c) is a trend description of the scattering data with

a form of y 5 5.5 x2/3.

Figure 6. Two examples of IDPs where the cavities are com-

posed of a single segment. (a) Cyclin-dependent kinase

inhibitor 2A (PDB ID 1HN3) is a tumor suppressor. (b)

Vesicle-associated membrane protein 2 (PDB ID 2KOG). The

chain segments constituting the cavities are shown in color-

spheres and surface, and the cavity vacant is filled with gray

small balls. Graphics is prepared using PyMOL.
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the highest value (0.5) is achieved in the Yorkie

homolog (PDB ID 3KYS) and umuD (PDB ID 1AY9).

Overall, the average druggable probability is 9% for

proteins in both Disprot-pdb and pE-DB datasets,

which is essentially double the value observed for

the CavityTEST dataset (5%; see Table IV). This dif-

ference is even more pronounced than the pKd val-

ues discussed above. Molecular recognition functions

of IDPs are closely related to their molecular recog-

nition features (MoRFs).37,38 Using a predictor

named MoRFpred,39 we have checked the predicted

MoRFs of a few systems in the datasets and found

some correlation between the predicted MoRFs and

druggable cavities (data not shown).

Discussion

Cavities in the rapidly fluctuating ensemble

The above analyses on IDPs were conducted in a

manner similar to those on ordered proteins. Since

IDPs exist in highly dynamic conformations, some

concerns may be raised, which should be appropri-

ately addressed.

One point is the suitability to define a cavity in

the rapidly fluctuating ensemble of conformations

that an IDP samples. The energy landscapes of IDPs

are relatively flat and the conformations intercon-

vert very fast, for example, in a timescale of nano-

second, which is much faster than the typical

binding time of a ligand. Therefore, is it meaningful

to define a cavity in IDPs? Would a predicted cavity

wither away far before a ligand succeeds to bind it?

The answer to dismiss such concern roots in the sta-

tistical thermodynamics: equilibrium population is

governed by such laws as Boltzmann distribution

and does not depend on the kinetic process. If a sin-

gle conformation of protein can bind a ligand, the

identical conformation in an ensemble can do the

same thing although the conformation is now accom-

panied by a weight determined by the ensemble. Dif-

ferent kinetic schemes are possible in affording the

thermodynamics. For example, after the ligand bind

a short-lived conformation with an appropriate cav-

ity, it may lock the protein in such a conformation,

or, force the protein to jump among conformations

with a similar cavity, but not to those with improper

cavities. No matter how the kinetics comes out to be,

the thermodynamics does not alter.

Another one is the suitability of the dataset of

IDPs used. Some structures (although not all) in

Disprot-pdb came from complexes by removing the

partners. So one might question whether they can

reflect the properties of IDPs in the disordered free

form which would be the target. Here, we note that

structures in pE-DB are mostly in the disordered

free form, and the resulting difference with respec-

tive to ordered proteins is in the same direction with

Disprot-pdb. Therefore, although the obtained quan-

titative values can not be considered accurate, the

qualitative conclusions are likely reliable.

Examples of drug design of IDPs
IDPs are abundant in cells, but drug design where

IDPs are the target remains an untapped source.

Here we briefly survey examples of IDP drug design

in the literature (Table V) and discuss their drugg-

ability when data are available.

There are a few examples that are widely

discussed in reviews,6,7,15,47–59 namely, p53-MDM2,

c-Myc-Max, and EWS-Fli1.20,40,45 The tumor-

suppressor protein p53 is at the center of a large

signaling network involved in cell cycle control,

senescence, and apoptosis in response to oncogenic

or other cellular stress signals.60,61 The p53 protein

is regulated by binding with multiple targets such

as MDM2 and Taz2.62 Small molecules have been

screened to inhibit p53-MDM2 interaction and reac-

tivate the p53 pathway in cancer cells.40–42 These

small molecules function by binding to MDM2 in the

p53-binding pocket, but do not interact directly with

p53. Therefore, this example belongs to “drug design

involving IDPs,” but not “drug design targeting

IDPs.” EWS-Fli1 and c-Myc-Max, on the other hand,

belong to the latter case. EWS-Fli1 is an oncogenic

fusion protein, which is exclusively present in

Ewing’s sarcoma family tumors.20 C-Myc is a tran-

scription factor that becomes active by forming a

dimer with its partner protein Max, and is expressed

constitutively in most cancer cells.21 Both c-Myc and

EWS-Fli1 are IDPs. By systematic screenings, small

molecule inhibitors were identified that bind to c-

Myc and EWS-Fli1 directly and prevent their inter-

action with partners.20,21,43–48 The conformation

ensemble of c-Myc370–409 in the unbound state has

been characterized by MD simulations,18 which was

included in our pE-DB dataset. Five conformations

with druggable cavities were identified in our

Figure 7. Distribution of the predicted binding pKd for cav-

ities in three datasets.
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Table V. Summary of IDP-Targeting Drug Development Efforts

System Therapeutic importance Inhibitor

Target against
the IDP or
its partner? Efforts Reference

p53-MDM2 p53 is the most com-
monly mutated gene in
human cancer. Phar-
macologic activation of
the p53 pathway is
highly important for
therapeutics.

Nutlin Ordered
partner

IC50 is 100–300 nM. When used
at lM concentrations, nutlin
arrested proliferating cancer
cells and induced apoptosis in
a number of different cancer
cell lines including colorectal,
lung, breast, prostate, mela-
noma, osteosarcoma and
renal cancer. It is currently
in phase-I clinical trials.

40–42

c-Myc-Max c-Myc is a seldom-
mutated transcription
factor. Its deregulated
expression is associ-
ated with numerous
types of human
cancers.

Peptidomimetic
inhibitors

IDP IC50 is about 50 lM in the
ELISA and EMSA assays.
Inhibit the cell foci formation
in cultures of chicken embryo
fibroblasts (CEF) with
IC95 5 20 lM.

43,44

10058-F4 and
10074-G5

IDP Binding Kd is 2–20 lM. IC50 in
5–50 lM in a cell-based pro-
liferation assay with HL60
human promyelocytic leuke-
mia cells which overexpress
Myc due to gene amplifica-
tion. When administered at
20 mg/kg (�300 lM) as a
daily dose, it can double the
survival of mice genetically
engineered to develop
neuroblastoma.

21,45–47

EWS-Fli1 EWS-Fli1 is an oncogenic
fusion protein, which is
exclusively present in
Ewing’s sarcoma fam-
ily tumors.

YK-4–279 IDP Binding Kd is �10 lM. IC50 to
the growth of EWS-FLI1–
positive Ewing’s sarcoma
family tumors (ESFTs) cell
line is 900 nM. A 72 mg/kg of
daily dose (maintaining 3 lM
level) significantly deduces
the tumor size in rat.

20,48

AF9-AF4 AF9 is a mixed lineage
leukemia (MLL) fusion
protein that causes
oncogenic transforma-
tion of hematopoietic
cells. It interacts with
AF4, the most common
fusion protein in acute
leukemias. AF4–AF9
protein complex is a
promising target for
leukemia therapy.

Peptide PFWT IDP At 10 lg/mL, PFWT completely
blocks AF4–AF9 binding in
vitro. At 25 lg/mL, it induces
death by necrosis in the
t(4;11) leukemia cell line.
Treatment of the cell line
with PFWT in combination
with four chemotherapeutic
compounds results in
sequence-dependent synergy,
suggesting that PFWT can
augments the effects of sev-
eral clinically available che-
motherapeutic agents for
MLL leukemias.

22,49,50

Non-peptide
compounds

IDPs 18 compounds were identified
in a competitive screening
assay, with IC50 of 3–50 lM.

51

PTP1B PTP1B is a negative reg-
ulator of insulin and
leptin signaling. It is a
validated therapeutic
target for diabetes,
obesity, and breast
cancer.

MSI-1436 Disordered
terminus

Inhibits the enzyme function of
PTP1B with Ki 5 600 nM. In
a xenograft model, the mice
with a dose of 5 mg/kg every
3 days displayed a marked
decrease in tumor size and
tumor number.

52
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analysis for c-Myc (Fig. 8). Hammoudeh et al. have

experimentally identified the binding sites of differ-

ent inhibitors in c-Myc.21 These actual binding sites

correlate well with the druggable cavities predicted

by CAVITY (Fig. 8).

AF9 is a mixed lineage leukemia (MLL) fusion

protein that causes oncogenic transformation of hema-

topoietic cells.36 AF9 interacts with AF4, the most com-

mon fusion protein in acute leukemias. Bioinformatics

analysis has revealed that fusion proteins are usually

significantly enriched in structural disorder.64 In the

current example, both AF9 and AF4 are IDPs. Based

on mapping studies, an AF4-derived peptide has been

developed to specifically interact with AF9 and disrupt

the AF4-AF9 interaction in vitro and in vivo.22 The

peptide induces necrotic cell death in leukemia cells

Figure 8. Five conformations of c-Myc370–409 with druggable cavity. Experimentally suggested binding sites (residues 374–385,

and 402–409) are shown in spheres with rainbow colors, while other residues are shown in cartoon. The bottoms of the drug-

gable cavity are depicted in dense gray lines. Graphics is prepared using PyMOL.

Table V. Continued

System Therapeutic importance Inhibitor

Target against
the IDP or
its partner? Efforts Reference

Aggregating
IDPs

Pathological aggregation
of IDPs triggers a
series of human neuro-
degenerative diseases,
for example, Alzhei-
mer’s disease, Down’s
syndrome, Parkinson’s
disease and prion
diseases.

Molecular
tweezers

IDPs Molecular tweezers bind to
lysine- and arginine-
containing small peptides
with Kd 5 20–100 lM. They
inhibit the aggregation and
toxicity of multiple amyloido-
genic proteins in cell culture
with IC50 of 3–50 lM. In a
novel zebrafish model of a-
syn toxicity, 10 lM improved
survival by threefold at 72 h
postfertilization (hpf) and 13-
fold at 240 hpf.

53–55

Non-natural
amino-acid
peptide
D-TLKIVW

Amyloid form
of IDPs

The apparent Kd to tau fibrils
is �2 lM. In tenfold molar
excess, it prevents the fibril
formation in the presence of
preformed fibril seeds.

23

ELN484228 IDPs It did not detectably modify
aSyn aggregation in vitro,
but it is protective in cellular
models, for example, to
restore phagocytosis in the
aSyn overexpressing cells by
60% with a 30 lM solution.

56
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and enhances the cytotoxic effect of established chemo-

therapeutic agents, holding promise as a component in

the composite therapy for MLL leukemia.49,50

Recently, nonpeptidic inhibitors of AF9 were also suc-

cessfully developed by a high-throughput screening

assay.51 AF9 was included in our Disprot-pdb dataset

(PDB ID 2LM0). The 10 conformations of AF9 in the

PDB afforded 55 cavities; 5 of them were predicted to

be druggable (Table I). Therefore, AF9 is highly

druggable.

PTP1B (protein-tyrosine phosphatase 1B) is a

nontransmembrane enzyme found on the endoplas-

mic reticulum. It is a negative regulator of insulin

and leptin signaling. PTP1B has been long recog-

nized as a therapeutic target for diabetes and obe-

sity.65 In addition, it is overexpressed in breast

tumors together with HER2, and its overexpression

alone drives mammary tumorigenesis. Therefore,

PTP1B acts also as a therapeutic target for mam-

mary tumorigenesis and malignancy. PTP1B

Table VI. List of IDPs as Potential Drug Targets

PDB/pE-DB ID Short name
Biological function and

relation to diseases Reference

2BZW Bcl2 The phosphorylated form is anti-apoptotic,
and the dephosphorylated form is pro-
apoptotic. The latter may be involved in
neural diseases such as schizophrenia.

69

2LM0 AF9 A mixed lineage leukemia (MLL) fusion pro-
tein that causes oncogenic transformation
of hematopoietic cells.

63

3KYS YAP Transcriptional coactivator, a key regulator
of organ size and a candidate human onco-
gene inhibited by the Hippo tumor sup-
pressor pathway.

70

1A8Y Calsequestrin The major Ca21 storage protein of muscle.
Has significant affinity for a number of
pharmaceutical drugs with known muscu-
lar toxicities.

71

1ET1 Parathyroid
hormone

A hormone to increase the concentration of
Ca21 in the blood. In excessive amounts it
is the main character of
hyperparathyroidism.

72

1HN3 p19Arf Promotes p53-mediated cell arrest and apo-
ptosis. It is a frequent target for loss in
human cancers.

73

1ZR9 ZNF593 Negative modulator of the DNA binding
activity of the Oct-2 transcription factor.
Associated with malaria and prostatitis.

74

1ZYI pICln A multifunctional protein involved in regula-
tory mechanisms as different as mem-
brane ion transport and RNA splicing.

75

2EYY/2EYZ crk Regulates transcription and cytoskeletal
reorganization during cell growth, motil-
ity, proliferation and apoptosis. Responsi-
ble for the malignant features of various
human cancers.

76

2KOG synaptobrevin Participates in neurotransmitter release at a
step between docking and fusion. Likely
related to familial infantile myasthenia.

77

2AAA p27KID Influences cell division by regulating nuclear
cyclin-dependent kinases. Its reduced lev-
els in most cancers are correlated with
increased tumor size and increased tumor
grade.

78

6AAA p15PAF A proliferating cell nuclear antigen (PCNA)-
associated protein overexpressed in multi-
ple types of human cancer.

79

6AAC tau Stabilize microtubules. Abundant in neurons
of the central nervous system. Responsible
for Alzheimer’s disease.

80

n.a. c-Myc A transcription factor that activates expres-
sion of many genes. Persistently expressed
in many cancers.

18
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contains an ordered catalytic domain and a long dis-

ordered C terminus. Recently, an aminosterol natu-

ral product, trodusquemine (MSI-1436) was found to

inhibit the enzyme function of PTP1B by binding to

its disordered C terminus.52 Interestingly, MSI-1436

works via an allosteric effect, that is, it binds two

sites that are distinct from the active enzyme site

and stabilizes an inactive conformation of PTP1B.

This is in accordance with the suggestion that allos-

tery has direct implications for the role of structural

disorder in proteins and is thus helpful for the

development of drugs and therapies.66

Some other progress was achieved in targeting

aggregating IDPs.23,59 Although the majority of

IDPs have an inherent advantage in preventing

aggregation,32,56 some “abnormal” IDPs are com-

monly found among proteins involved in amyloid for-

mation and conformational diseases. The

suppression of pathological amyloid fibril formation

is an active area of research, and some strategies

have been explored. For example, molecular tweez-

ers were found to effectively perturb the aggregation

processes via specific binding to lysine.53–55 The

known atomic structures of segments of amyloid

fibrils were also used as templates in designing non-

natural amino-acid inhibitors of amyloid fibril for-

mation,23 and a virtual screening was conducted on

a subset of aSyn conformations to identify a ligand

that is protective in cellular models of aSyn-

mediated vesicular dysfunction.56,68

IDPs as potent drug targets
To be a potent drug target, the protein should not only

have the potential to interact with designed small

ligands, but should also possess an essential biological

function and be closely related to diseases. Based on

the druggable cavity probability of the proteins as dis-

cussed above and their biological importance in the lit-

erature, we provide a list of IDPs in Table VI that are

suitable targets for rational drug design. A few sys-

tems are discussed briefly as follows.

Adapter molecule crk (PDB ID 2EYY/2EYZ) is

also known as proto-oncogene c-Crk or p38. It has

several SH2 and SH3 domains and acts as an adap-

tor to link tyrosine kinases and small G proteins. It

regulates transcription and cytoskeletal reorganiza-

tion during cell growth, motility, proliferation, and

apoptosis.76 Increased expression of crk has been

identified to be responsible for the malignant fea-

tures of several human cancers including breast,

ovarian, lung, brain, and stomach. Therefore, the

inhibition of crk is an effective therapeutic means

for the treatment of these malignancies.76 For exam-

ple, microRNAs have been used to decrease the

translation of crk and effectively inhibit the invasion

in non-small cell lung carcinoma cell lines.81

p15PAF (pE-DB ID 6AAA) is a proliferating cell

nuclear antigen (PCNA) associated factor.82 It is

localized primarily in the nucleus and shares the

conserved PCNA binding motif with several other

PCNA binding proteins including CDK inhibitor

p21. It also binds the transactivation region of p53

and strongly inhibits its transcriptional activity. The

expression of p15PAF in several types of tumor tis-

sues was notably increased, especially in esophageal

tumors. The structural characterization of human

p15PAF showed that it is an IDP with nonrandom

structural preferences at sites of interaction with

other proteins,79 suggesting p15PAF to be potential

drug target.

p27Kip1 (pE-DB ID 2AAA) is a human homo-

logue of Sic1, both being pivotal CDK inhibitors and

tight modulators of CDK-dependent phenotypes.

p27Kip1 mainly stops or slows down the cell division

cycle, and thus plays an essential role in key cellular

processes such as proliferation, differentiation and

apoptosis.83 If the expression of p27Kip1 is reduced,

the progression from G1 to S-phase becomes out of

control, which facilitates the formation and growth

of tumors. Therefore, p27Kip1 is a tumor suppressor

protein, and drugs able to protect/enhance the role

of p27Kip1 may be an effective means for anticancer

strategies.83 In this aspect, design of allosteric effec-

tors (allosteric drugs) would be very useful, which

has gaining a lot of momentum in traditional drug

discovery.84,85 On the other hand, the downregula-

tion of p27Kip1 aids maintenance of stem cell pluripo-

tency and tissue regeneration.86 For example,

p27Kip1 inhibition therapy has been proposed for

hearing restoration in mammals. Recently, a high-

throughput screening strategy has been applied to

successfully identify novel p27Kip1 transcriptional

inhibitors.86

Optimism versus obstacles for drug design on

IDPs
The results obtained in this study suggest that the

druggability of IDPs may be comparable with that of

ordered proteins. The average probability for cav-

ities to be predicted druggable is 9% in IDPs, almost

double the value found for ordered proteins (5%).

Taking into consideration the high content of IDPs

in various proteomes and their essential role in

human diseases, we are optimistic on the design of

drugs that target IDPs. Despite being in its infancy,

the drug design against IDPs is in a continuous pro-

gress and essential advance has been achieved in a

few cases. It is expected that the study will be

extended and have a great future.

On the other hand, there are some obstacles for

drug design targeting IDPs. The major obstacle is the

lack of well-developed strategies. Traditional rational

drug design against ordered proteins relies on the

knowledge of the three-dimensional protein structure.

However, IDPs usually exist in highly dynamic con-

formational ensembles, and accurate ensembles are
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difficult to determine via either experimental or theo-

retical means, which exclude traditional approaches

in most cases. As proof, most cases of drug designs

for IDPs were carried out by experimental screening,

but not via rational design. An additional obstacle is

the specificity/promiscuity.32,36,87,88 For IDPs with a

determined conformational ensemble, a straightfor-

ward strategy of rational design is to extract meta-

stable structures and then conduct traditional

approaches, but the promiscuity would be serious

because ligands bind to IDPs in a way of “ligand

clouds around protein clouds.”18 Therefore, the devel-

opment of novel strategies is needed for better

rational drug design on IDPs.

Materials and Methods

Datasets

To examine the cavity properties of IDPs and com-

pare them with those of ordered proteins, we con-

structed/adopted three datasets: Disprot-pdb, pE-DB

and CavityTEST.

Disprot-pdb was constructed by combining infor-

mation from the Database of Protein Disorder (Dis-

Prot)89 and the Protein Data Bank (PDB).90 We

checked all records in DisProt with PDB links. The

disorder ratios of the proteins in DisProt lie between

0 and 100%, and the structures solved in the PDB

may reside in either ordered or disordered regions of

the proteins. Therefore, we constructed our Disprot-

pdb dataset by selecting proteins with at least 50%

of solved residues in the PDB structure being

labeled disordered in DisProt. The Leukemia fusion

target AF9 (with PDB ID 2LM0) was also included

into Disprot-pdb, which is an intrinsically disordered

transcriptional regulator.63 The dataset contains 37

proteins, and are listed in Table I. Among them, 19

are in monomer free state, 13 come from heterocom-

plexes, and 5 from homocomplexes.

pE-DB was adopted from Varadi et al., which

provided structural ensembles of IDPs based on

nuclear magnetic resonance (NMR) spectroscopy,

small-angle X-ray scattering (SAXS), and other data

measured in solution.30 Ensembles in pE-DB usually

consist of a few dozen to hundreds (and possibly

even more) of conformers. We also included the onco-

protein c-Myc into the dataset for analysis. C-Myc is

one of a few examples of IDP drug design that are

widely discussed in the literature (see the Discus-

sion section for details). Recently, large-scale molecu-

lar dynamics simulations have been conducted to

determine the conformation ensemble of c-Myc370–

409, which showed agreement with experimental

NMR data.18 We incorporated them into our analy-

sis. In total, the pE-DB dataset we used contained

16 entries, and are given in Table II.

CavityTEST is a test set used by the binding

cavity detection program CAVITY,25 which was origi-

nally collected by Q-SiteFinder developers.31 Cavi-

tyTEST contains 35 structurally distinct ordered

proteins in the unbound state that share structural

similarity with 35 proteins in the ligand-bound data-

set which were determined to bind ligands. The

dataset is listed in Table III.

Cavity calculations
The detection of binding cavities and the determina-

tion of their properties were conducted using the

program CAVITY developed by Yuan et al.25 Here

we provide a very brief introduction on CAVITY.

CAVITY used a probe sphere (with a default radius

value 10 Å) to roll around the protein surface to

detect the inaccessible volume (cavities). Since the

cavities detected in this way are typically connected

by the shallow grooves distributed around the rough

surface, CAVITY adopted a shrink-and-expand algo-

rithm to remove the linkage area within a depth

threshold to separate the cavities, where the depth

is defined as the distance from the surface to the

bottom of cavities. A minimal depth parameter (8 Å

as default) was also used to eliminate any cavities

with too small depth, and a maximal joint depth

parameter (20 Å as default) was used to restrain

cavities with too large depth. For each of the result-

ing cavities, a quantity termed CavityScore was cal-

culated based on their geometrical structure and

physical chemistry properties,25 for example, cavity

volume, hydrophobic volume, cavity surface area,

and hydrogen-bond forming surface area. The

parameters of CAVITY were optimized by training

on a refined set containing 1300 protein-ligand com-

plexes from the PDBBind Database.91 A binding site

prediction test were performed25 using 134 struc-

tures prepared by Q-SiteFinder developers,31 where

the success rate of CAVITY was 86% when only the

first-ranked predicted cavities were considered, and

the success rate increased to 96% if considering the

true binding sites are among the top three predicted

binding cavities. Such success rates of CAVITY are

higher than other popular binding sites detection

approaches, for example, LIGSITEcsc,92 Q-site-

finder,31 SURFNET,93 and PASS.94 Plotting the

binding affinity values of 210 complexes versus the

calculated CavityScore values of their binding cav-

ities revealed a rough linear relationship between

them, based on which an average pKd can be pre-

dicted for any detected cavity,25 which can be under-

stood as the expected pKd of the detected cavity with

“properly designed ligands.” For more details, refer

to the original paper of Yuan et al.25

In our study, conformations from a PDB file

were separated and were fed to CAVITY following

the removal of water molecules. For complexes in

Disprot-pdb formed by IDPs and ordered proteins,

the ordered proteins were discarded. Default param-

eters of CAVITY were used in the calculations. For
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Nconf conformations of a protein, a weight of 1/Nconf

was assigned to each conformation in the property

statistics so that the calculated average properties of

datasets will not be dominated by proteins whose

available conformation number is large. Residues

were considered to belong to a single segment if

they were involved in constituting the same cavity

and their positions in the polypeptide chain were

continuous.

The similarity between two cavities i and j is

measured by the proportion of common atoms (pcom)

among them and the root mean square deviation

(RMSD) of these common atoms. To measure the

conservation of a particular cavity i in an ensemble

with distinct conformations, that is, whether the

cavity i is present in many conformations, we picked

out a cavity from each conformation J which pos-

sesses the highest pcom with i among all cavities of

the conformation J, and calculated the average pcom

and RMSD values of these picked cavities with the

cavity i. The larger average pcom and smaller aver-

age RMSD, the more conservative the cavity is. The

proteins with only one conformation in the datasets

were excluded from the conservation analysis.

Conclusion

In this study, we conducted analyses on the binding

cavities and druggability of IDPs, and compared

them with those of ordered proteins. IDPs were

shown to possess more binding cavities than ordered

proteins of similar length, and the distribution of

the cavity number caused by the conformation

ensemble is very wide for IDPs. The cavity geome-

tries for IDPs and ordered proteins also differ, for

example, the cavities of IDPs have larger surface

areas and volumes on average, and are more likely

to be composed of a single segment. Most impor-

tantly, the predicted druggability of the cavities of

IDPs is comparable with that of ordered proteins.

Last, we have briefly discussed successful drug

design examples, the potent drug targets, and the

optimism vs. obstacles for drug design targeting

IDPs.
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